Introduction
[2] The Ubehebe volcanic field of northern Death Valley (Figure 1 ) is unusual for its repeated phreatomagmatic eruptions in a region of high aridity. Phreatomagmatic eruptions involve the mixing of magma with ground or surface water, producing large volumes of steam and explosive behavior [Sheridan and Wohletz, 1983; Fisher and Schmincke, 1984] . Such eruptions typically occur where water is abundant, for example in the vicinity of a lake or at a volcanic island, or where water is inferred to have been abundant in the geological past [e.g., Brand and Clarke, 2009] . Although no meteorological data are available for the Ubehebe craters, average annual precipitation at Furnace Creek, 80 km to the southeast and at an elevation 800 m lower than the Ubehebe field, is less than 60 mm yr À1 (Western Regional Climate Center, http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?ca2319).
[3] The results of beryllium-10 ( 10 Be) surface exposure dating of ejected country rock are presented-the first application of this technique in a basaltic volcanic setting. While the geomorphology of the craters indicates that they are young and part of the contemporary landscape, precise dating of such phreatomagmatic eruptions has proven difficult, in particular for young events. Evidence for the generally assumed Holocene timing of volcanism at Ubehebe is inconclusive, and based upon field relations at distal sites.
[4] Three hypotheses therefore are evaluated in our study. The first is that phreatomagmatic activity corresponds with a recent, yet appreciably wetter time, such as the interval from 17.5-15 ka, when many Great Basin pluvial lakes attained their peak sizes [Broecker et al., 2009] . A second hypothesis is that the craters are Holocene in age. In that case, phreatomagmatic eruptions may relate instead to only modestly wetter intervals during that epoch [e.g., Stine, 1994; Benson et al., 2002; Cook et al., 2004] . Our third hypothesis is that groundwater may have been sufficiently abundant in sediments beneath the Ubehebe site to produce explosive eruptions independent of climatic variation. Determining the timing and origin of explosive eruptive activity is of more than academic interest: Ubehebe may constitute a greater than previously recognized volcanic hazard in one of the most popular parks in the United States (984,775 visitors in 2010; National Park Service, http://www.nature.nps.gov/ stats/viewReport.cfm).
Ubehebe Volcanic Field
[5] The Ubehebe volcanic field consists of at least a dozen maar craters and tuff rings [Crowe and Fisher, 1973] . The craters are generally small (100-200 m in diameter) and shallow (tens of meters). Ubehebe Crater is by far the largest (700-800 m in diameter and up to 235 m deep; Figure 2 ). Associated volcanic ejecta form a rampart of base surge and air fall deposits approximately 50 m thick at the crater rim, and they thin radially outward over an area of >15 km 2 . The sedimentology of the ejecta provides evidence for at least 50 individual eruptions or eruption pulses during the formation of Ubehebe Crater [Crowe and Fisher, 1973] . A succession of lower Miocene red-brown and yellow conglomerate, sandstone and siltstone is exposed in the crater wall. These strata, which crop out in the adjacent Ubehebe Hills, were assigned to the Navadu Formation by Snow and Lux [1999] , and are thought to be as much as 500 m thick below the floor of the crater. The phreatomagmatic eruptions ejected both fragmental basalt and appreciable quantities of silt, sand, and quartz-bearing larger clasts (>10 cm) derived from the Navadu Formation. The adjacent Cottonwood Mountains are underlain mainly by Paleozoic carbonate rocks that were deformed by thrusting and folding in the late Permian to Cretaceous, and by more recent extension and right-lateral offset along the northern Death Valley fault zone, primarily since mid-Miocene time [Snow and Wernicke, 2000] . These same carbonate rocks project beneath the Miocene in the vicinity of Ubehebe Crater.
[6] Simple geomorphic observations suggest that the Ubehebe volcanic field is relatively young (i.e., formed within the last few thousand to tens of thousands of years). The landscape does not appear heavily weathered, and Ubehebe Crater has not been significantly in-filled by material eroded from the crater walls. The two largest craters (Ubehebe and Little Hebe) are thought to be the youngest on the basis of cross-cutting relationships and volcanic stratigraphy, with Ubehebe being the youngest overall [von Engeln, 1932; Crowe and Fisher, 1973] . However, available age constraints are indirect.
[7] A limiting estimate of eruption age comes from a silicic ash layer that stratigraphically underlies a layer of inferred Ubehebe ash, and is thought to be from the 1.2 ka Mono Craters eruption [Klinger, 2002] . A single charcoal fragment also found below the inferred Ubehebe ash yielded a radiocarbon age of 144-305 cal. yr BP (210 AE 30 14 C yr) [Klinger, 2001; Reimer et al., 2004] . However, because of possible reworking of the charcoal given its near surface location in a gravel pit, the significance of this date is uncertain (R. Klinger, personal communication, 2011) . Ubehebe ejecta also overlie archaeological artifacts that have been associated with Native Americans living in the Death Valley area [Hunt, 1960] . The exact age of those artifacts is not known, but the region is thought to have been inhabited only since about 10 ka [Hunt, 1960] . These constraints and the absence of basaltic ash beds in the nearby deposits of pluvial Lake Rogers (25-50 ka) [Klinger and SarnaWojcicki, 2007] are consistent with a Holocene age for the most recent eruptions at Ubehebe. [8] 10 Be surface exposure dating is well suited for dating quartz-bearing deposits throughout the Holocene, including samples as young as a few hundred years [e.g., Schaefer et al., 2009] . Exposure dating of explosive volcanism has not previously been attempted to our knowledge, particularly 10 Be of basaltic volcanism, because suitable materials are not normally present for this technique. Sandstone and quartzite cobbles present in the country rock, and ejected from Ubehebe Crater during eruptions, are appropriate for 10 Be measurement because they contain considerable amounts of quartz, and because the Miocene age of the Navadu Formation from which they are derived minimizes any contribution of inherited 10 Be. Cobbles roughly 10-20 cm in Fisher, 1973] . The oldest ages are located closest to Little Hebe. Many of the youngest ages correspond with locations many hundreds of meters from other craters.
Methods
diameter were obtained from the surrounding rampart, approximately 15 to 100 m from the crater rim-close enough to ensure local sourcing, but sufficiently far from the crater that slumping or other disturbances since eruption can be ruled out (Figure 2 ). Our samples were embedded in the surface, and are for this reason unlikely to have been reoriented after deposition. Surface deflation removes finegrained material and can potentially exhume clasts long after an eruption, yielding a young exposure age. However, the samples show no evidence of this process. The lithology of the cobbles varies from sandstone and quartzite to granitoids, dacite and basalt; however, our samples consist exclusively of quartz-rich rocks.
[9] Chemical processing for 10 Be was carried out in the Lamont-Doherty Earth Observatory Cosmogenic Nuclide Laboratory following routine beryllium isolation methods (http://www.ldeo.columbia.edu/tcn/). All 10 Be/ 9 Be ratios were measured at the Lawrence-Livermore National Laboratory Center for Accelerator Mass Spectrometry relative to the 07KNSTD3110 standard with a ratio of 2.85 Â 10 À12 [Nishiizumi et al., 2007] , and corrected for background 10 Be/ 9 Be given by the procedural blanks, residual boron contamination, and machine background. (All background 10 Be/ 9 Be ratios are less than 2 Â 10 À15 , resulting in blank corrections typically ≤5%.)
10 Be exposure ages were calculated using a modified version of the CRONUS-Earth calculator [Balco et al., 2008] . Results are reported relative to the scaling model of Lifton et al. [2005] and the 10 Be production rate presented in Balco et al. [2009] . All uncertainties reported below are at the 1s level.
Results
[10] The 15 ages obtained (see auxiliary material) range from 0.8 to 5.1 ka with analytical uncertainties of less than 5% (1s).
1 Twelve of the ages are concentrated between 0.8 and 2.1 ka. Three are significantly older: two samples show relatively close ages of 2.9 AE 0.1 ka and 3.3 AE 0.1 ka, and the single oldest age is 5.1 AE 0.1 ka (Figure 3) .
[11] The distribution of ages is interpreted to reflect protracted activity within the volcanic field, a conclusion that is consistent with the existence of numerous craters and minor scoria deposits. The simplest explanation for the cluster of young ages is that Ubehebe Crater formed during an interval of up to 1300 yr between 2.1 ka and 0.8 ka (Figure 3 ). Older ages are thought to relate to eruptions from neighboring craters on the basis of the restricted spatial distribution of those clasts in the vicinity of Little Hebe. All ages older than the 0.8 ka minimum are inferred to correspond with clasts that were ejected more than once, that accumulated their 10 Be during two or more intervals of exposure, and that may have been buried for an unknown span (or spans) of time before final emplacement at their sampling sites on a common geomorphic surface.
[12] It is unlikely that any of the ages from the youngest cluster relate to eruptions at smaller craters in the field. Most ejected clasts are found no more than 100 m from the rim of Ubehebe, with the greatest concentration on the northeastern and eastern flanks (Figure 2) . The samples were obtained from that area, far from the smaller craters, where eruptions were presumably less energetic than at Ubehebe. The distribution of clasts is consistent with eruption directionality, and with the observed distribution of ash fall deposits northnortheast of Ubehebe Crater [Moring, 1986] .
Implications
[13] The
10
Be chronology at Ubehebe Crater shows that the craters are of mid-to late-Holocene age. These eruptions therefore are not related to the significantly wetter climate 18 O values indicate periods of lower lake levels, and hence drier conditions [Benson et al., 2002] . (b) Palmer Drought Severity Index from the reconstruction of Cook et al. [2004] . The nearest grid point, whose integral region encompasses Death Valley, is shown. Values below zero indicate periods of generally drier conditions relative to the instrumental record. The vertical gray bar indicates a time of widespread drought in the American west based on all grid point reconstructions. (c) Range of tree kill dates from Stine [1994] . Tree stumps are found today in areas of prolonged water cover. They are therefore inferred to have grown when conditions were substantially drier. (d) 10 Be exposure ages from this study shown as individual ages, and as a summary probability diagram. and higher water table at the end of the last ice age in the American southwest [Benson et al., 1990; Broecker et al., 2009] .
[14] We observe that the interval of activity between 2.1 ka and 0.8 ka coincides with prolonged drought-like conditions during Medieval Warm Period (MWP; 800-1200 AD), as well as with somewhat wetter conditions prior to the MWP (Figure 3 ). This is indicated by a combination of tree-ring widths [Cook et al., 2004] , fossil trees in growth position in areas that are currently inundated by water [Stine, 1994] , and d
18
O values obtained from inorganic calcium carbonate from Pyramid Lake, Nevada [Benson et al., 2002] . The Pyramid Lake record also implies generally wetter conditions for the mid-Holocene samples. However, given that the observed pattern of eruptions encompasses both wet and dry intervals, with peak eruptive activity when conditions were driest (the MWP), we conclude that phreatomagmatic behavior was unrelated to climatically controlled variations in groundwater levels (Figure 3) .
[15] Instead, we suggest the presence of relatively permanent groundwater beneath the Ubehebe volcanic field with sufficient water in place to permit repeated phreatomagmatic eruptions. The consistent presence of this water thus facilitated explosive activity whenever rising magma encountered the groundwater, which is likely contained within the Miocene conglomerates beneath Ubehebe Crater. Modeling of groundwater levels and flow suggest that the modern water table is at an elevation of $400 m a.s.l. [Belcher, 2004] , only 150 m below the crater floor. The presence of Mesquite Spring (Figure 1 ), a natural spring at a comparable elevation to the crater floor (550 m a.s.l. and 650 m a.s.l., respectively) and located in similar alluvial basin-fill deposits [Kreamer et al., 1996] , also supports the above hypothesis. Some have surmised that fluid movement in the Paleozoic carbonate rocks that underlie the Miocene relates to fracture permeability [Belcher et al., 2002] . However, when considering the phreatomagmatic eruptions at Ubehebe Crater, the main concern is not water flow, but rather where it could collect in sufficient volume in order to generate significant volumes of steam. Likewise, the material ejected from the crater during each explosion is either basaltic or Miocene sedimentary. None of the ejecta is carbonate derived directly from the underlying Paleozoic succession. Taken together, these considerations suggest that explosions were generated within the Miocene deposits.
[16] It is also possible to consider the volumes of magma and water in terms of the reaction energy required to form Ubehebe Crater. Roddy [1968] calculated the energy necessary to eject the volume of rock that would have filled the crater. Using the Roddy [1968] estimate as a starting point, simple calculations suggest that a quite small magma chamber ($6 Â 10 6 m 3 , or on the order of 100-200 m in diameter) and a smaller volume of water ($4 Â 10 5 m 3 ) would be sufficient to generate the necessary energy. These dimensions are consistent with the structure of the crater and its surroundings. It is plausible that this relatively small amount of groundwater remained extant despite generally arid conditions, particularly given the relatively shallow modern water table [Belcher, 2004] . The presence of basaltic flows and spatter in the Ubehebe volcanic field indicates that not every eruption was explosive [Crowe and Fisher, 1973] . In those cases, it is inferred that insufficient water was available to generate phreatomagmatic eruptions. At this point, we cannot say whether tranquil eruptive behavior coincides with times of enhanced aridity [Benson et al., 2002] or whether the magma conduit simply did not intersect the groundwater on every occasion on its path to the surface. Dating of the basaltic flows, along with additional exposure dating, may help further test any climate-phreatomagmatic timing linkage. Either way, climate was not a first-order control on eruption character.
Conclusions
[17] This study demonstrates that surface exposure dating can be successfully used to date volcanic eruptions with high precision if quartz-bearing materials are present. The ages obtained show that the most recent activity in the Ubehebe volcanic field is younger than anticipated, with much of the activity and the formation of Ubehebe Crater occurring between 2.1 ka and 0.8 ka. While the timing of eruptive activity overlaps with times of elevated precipitation, we cannot establish a clear relationship between phreatomagmatic activity and climatic fluctuations. Instead, we suggest that the requisite water was sourced from permanent groundwater located in Miocene conglomerates beneath the crater field.
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